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We present here recent progress on the experimental study of the neutron spin structure at
Jefferson Lab Hall A. We focus on two precision experiments. The physics motivation and
the experimental setup will be described first. Then we present results for the neutron spin
asymmetry ��

�
and results for spin-flavor decomposition of the nucleon spin in the valence

quark region, and preliminary results for the neutron spin structure function ��
�

at low ��.

1. Motivation

The structure of the nucleon provides a natural laboratory to study the strong inter-
action and the theory describing it – quantum chromo-dynamics (QCD). Because
the strong interaction has two opposite features, the asymptotic freedom (which
can be treated perturbatively) and confinement (which needs a non-perturbative
description), it has been the most difficult to study among the four interactions
of nature. Deep inelastic scattering (DIS) has served as one of the primary ex-
perimental tools to study nucleon structure. DIS data provide information on the
behavior of quarks and gluons inside the nucleon, and furthermore how this is
governed by the strong interaction. In particular, it has been shown that, at high
four momentum transfer square �� and energy transfer �, the process becomes
perturbative and can be treated using perturbative QCD (pQCD).

However, although a lot has been learned from data on the unpolarized and po-
larized structure functions, so far we can only explain their� �-dependence within
the framework of QCD, and we are generally unable to make absolute predictions
for the structure functions themselves. The virtual photon asymmetry � � may
provide an exception here: under some assumptions, for the large � region (where
� � �������� is the Bjorken scaling variable) one can use pQCD to make ab-
solute predictions for the ratio of polarized and unpolarized structure functions,
�����, which is approximately �� at high ��. The first experiment we present
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here is a precision measurement of the neutron ��
� in the large � region. Such

data provide crucial information on testing the validity of pQCD and its underly-
ing assumptions in the study of the nucleon spin structure.

Another feature of the strong interaction, as mentioned before, is that it is non-
perturbative: the quarks and gluons inside the nucleon cannot be present in nature
as free objects (confinement). DIS at low �� may shed light on non-perturbative
features of the strong interaction: when �� is small (�� � � GeV�), the virtual
photon tends to see the interaction between the quark it strikes and gluons or other
spectator quarks. In the operator product expansion method this is called higher-
twist effects. The polarized structure function ��, as we will review briefly later,
provides a clean tool to study the quark-gluon correlation. The second experiment
we present here is a precision measurement of �� in the low �� region where the
	 � � correlation is expected to be evident. Since the major role played by the
gluons inside the nucleon is to bind quarks together, such data will shed light on
how confinement arises for the nucleon, which is of great interest in the study of
the strong interaction and QCD.

1.1. Deep inelastic scattering structure functions

The unpolarized and polarized electromagnetic DIS cross sections are described
by the four structure functions: ����
�

��, ����
���, ����
��� and ����
�
��.

In the simple quark-parton model (QPM), �� and �� can be related to the unpo-
larized and polarized parton distribution functions (PDF) 	 ���� and 	��� ���. They
describe how the nucleon’s momentum is carried by quarks and gluons, and how
the quark spins contribute to the nucleon spin. Details of the DIS formulas was
summarized in e.g. Appendix A of Ref.�.

1.2. The virtual photon asymmetry�� at large �

The virtual photon asymmetry �� measures the cross section difference between
scattering with the virtual photon’s spin aligned parallel and anti-parallel to the
target spin. It can be related to ��, �� and �� as

�� �
�� � ����

��
(1)

where �� � ���������, and �� � ����� at high ��.
The large � region is of particular interest in the study of nucleon structure.

Figure 1 shows the unpolarized PDF from a recent parameterization of world
data � and the two cartoons illustrate what the nucleon looks like in the small
and large � regions. At small �, the nucleon can be viewed as being made of a
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Figure 1. The parton distribution functions from a recent parameterization of world data. The two
cartoons illustrated the nucleon structure at small and large �.

large number of sea quarks and gluons in addition to the three valence quarks.
Therefore it is a very complicated many-body system and is difficult to study both
experimentally and theoretically. At large �, the nucleon wavefunction is dom-
inated by the three valence quarks (hence the large � region is also called the
valence quark region) and is easier to model. Because of the same reason, there
is less contribution from the sea quarks and gluons to the physics quantities that
we observe, so the large � region is a relatively clean region to study nucleon
structure.

There exist many theoretical predictions for the behavior of � ���
�

in the large
� region. In the relativistic constituent quark model (RCQM),����

�
� � as �� �

because of the hyperfine interaction among the quarks �. In pQCD, based on quark
helicity conservation and the assumption that the quark transverse motion – hence
their orbital angular momentum (OAM) – is negligible in the highly-energetic
large � region, it was predicted that the quark which carries most of the nucleon’s
momentum should also have the same helicity as the nucleon �. This is called
hadron helicity conservation (HHC). Based on HHC, one has again � ���

�
� � as

� � �, although the detailed behavior of how they approach unity is different
from the RCQM �. Predictions also exist from the LSS parameterization �, the
statistical model � and various other models. Most of the models predict ����

�
to

be significantly positive in the large � region. A summary of all predictions can
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be found in Refs.���.
The world data on �� for the proton and the neutron, however, have very poor

precision in the region � � ��, as can be seen in e.g. Figs. 1 and 2 of Ref. �.
Data on ��

�
are even consistent with the naive SU(6)-symmetric model prediction

��
�
� �. If the data on ��

�
have turned out to be negative in the large � region,

it would have become a big surprise and it would not be exaggerating to say that
another crisis is emerging in the nucleon spin structure study: Do the CQM (which
has been so successful in describing the low energy sector of hadronic physics)
and pQCD (which is the perturbative approximation of the most promising theory
of the strong interaction) work for the spin structure of the nucleon? In one word,
a precision measurement of ��

� in the large � region is of great importance.

1.3. The �� structure function at low ��

The structure function ��, unlike �� and ��, cannot be easily interpreted in the
simple QPM. To understand �� properly, one needs to take into account the trans-
verse motion and the offshell nature of the partons; both arise from the interaction
between quarks and gluons, and both cause the QPM to lose its simplicity. In
this case, it is easier to study �� using the operator product expansion method
(OPE) �. In the OPE, if neglecting quark masses, �� can be cleanly separated into
a leading-twist (twist-2) and a higher-twist (twist-3 and higher) term:

����
�
�� � ���

� ��
��� � �����
� ��
���  (2)

The leading-twist term can be determined from �� as �	

���
�

��
��� � �����
�
�� �

�
�

�

����
�
��

�
�� 
 (3)

and the higher-twist term arises from the 	 � � (� � 	) and 	 � 	 (� � �) cor-
relations. Therefore �� provides a clean way to study the higher-twist effects.
In addition, the ��-weighted moment of �����

�
is the twist-3 matrix element ��:

�� �
�
�

	
�������

�
�����. There exist predictions for �� from various models and

lattice QCD. A summary of predictions can be found in Ref.��.

2. The ��
�

Experiment – E99117

2.1. Overview of the experiment

During experiment E99117 �� at JLab Hall A, the neutron asymmetry ��
� was

measured at three � points in the DIS region, as shown in Table 1. An overall
description of the Hall A instrumentation can be found elsewhere ��. Details of
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Table 1. E99-117 kinematics.

��� 0.327 0.466 0.601
���� (GeV/c)� 2.709 3.516 4.833
�� �� (GeV)� 6.462 4.908 4.090

the experiment, the data analysis and all final results have been published previ-
ously ���. Here we only briefly describe the experimental setup and the nuclear
correction part of the data analysis. We used the JLab polarized electron beam and
a polarized �He target in Hall A. A schematic top-view of the hall is given in Fig. 2.
The same setup was also used for the experiment to be presented in Section 3. The

Laser Hut

Target
Pol. 3He

Q3
D

Q1

Polarimeter
Compton

Moller
Polarimeter

Raster

BCM BPMARC eP

Left HRS

Right HRS

Q2

Pb glass
counters

Pb glass
counters

Scintillators

To Beam Dump

Cerenkov

VDCs

Figure 2. Top-view of experimental setup in JLab Hall A for E99117 and E97103.

beam polarization was measured by Compton and M
ller polarimeters ��. An av-
erage value of ���� � ��� was used in the data analysis. The polarized �He
target is based on optical pumping and the spin exchange mechanism. The tar-
get polarization was measured by two methods: NMR and EPR �. The results
from two polarimeters were applied in the data analysis on a run-to-run basis. The
average value during this experiment was � 	 � ����� ���.

To extract ��
�
, we measured both the longitudinal and the transverse asym-

metries of the �� �� ��� scattering and calculated �
�

�
� from the data. Here the

polarized �He is used as an effective polarized neutron target because the ground
state of �He is dominated by the � state, in which the two protons’ spin anti-align
and cancel. This means the spins of the �He nuclei come largely from the neu-
trons ��. We took the effective nucleon polarization from various calculations ��
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and used the most recent �He model �� to extract ��
� from�

�

�
� . For the structure

functions ��, �, and ��
�
�� �

�
needed for this nuclear correction, we used the most

up-to-date parameterizations of the world data.

2.2. Results for��
�

and ��
�
���

�

Figure 3 shows the results for ��
� and ��� ��

�
� , compared with various model pre-

dictions and parameterizations. In the region � � ��, the new results have im-
proved the precision of the world data by about an order of magnitude. As for the
model predictions, we focus here on only two of them: 1) The prediction from
RCQM, although in general higher than the data, gives the correct sign and the
� � � trend. The fact that the difference between the prediction and the data
becomes smaller at larger � is consistent with the expectation that RCQM should
work in the valence quark region where the three valence quarks carry most of
the nucleon’s momentum, spin and quantum numbers and thus can be identified
as constituent quarks. 2) The pQCD predictions based on HHC, on the contrary,
deviate from data more at larger � where the perturbative theory is expected to
work. This might indicate that there is a problem with the assumption used when
deriving the HHC. The first thing to be questioned is the validity of the assump-
tion that the quark OAM is negligible in the � and �� region explored by this
experiment.

Figure 3. Results on ��
�

and ��
�
���

�
from E99117. On the left panel, the gray band shows the

prediction for ��
�

from RCQM. The dashed and the higher solid curves (which are very close to each
other) are the pQCD HHC-based predictions at �� � � (GeV/c)� , without and with fitting to world
data, respectively. See text for curves on the right panel.
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A fit of our results and previous world data yields

��� ��
�
� � ������� ���� �� ���� ����� � ��������  (4)

In Fig. 3 the new fit (dash-dot-dot-dotted) is compared with the LSS2001 param-
eterization (solid) and the E155 experimental fit (dash-dot-dotted) ��.

2.3. Results for��
�

and ��
�

Since we have measured both longitudinal and transverse asymmetries, the virtual
photon asymmetry��

� and the transverse polarized structure function ��� were also
extracted from the data. The results do not show significant deviations from the
calculated leading twist contributions. The ��

�
results at the two high � points have

about half of the uncertainty of previous data from E155x at SLAC ��. Combined
with the E155x data, the twist-3 matrix element for the neutron was extracted as
��
�
� ������ �����, which also has about half of the uncertainty of the E155x

result because of the large-� dominance of the integration.

2.4. Flavor decomposition using the simple QPM

In the simple quark-parton model, one can extract polarized PDFs as

������

�� ��
�

���
�
�� �����

��� �
�

�
��
�
�� � �����

����
�

(5)

���
������

�� ��
�

���� �� � �����

����
�
���

�
��
�
�� �����

��� �
�
���


 (6)

with ��� � ��� ������� ���. We fit to the world proton data ��
�
�� �

�
and used a

recent fit for��� �	. The results for ������������ ��� and ����� ������� ���

extracted from the new ��� ��
�
� data are shown in Fig. 4� along with data from

semi-inclusive measurements at HERMES ��. The short-dashed curves are the
pQCD HHC-based predictions. For all other curves please see Refs.���. The figure
clearly indicates that there is a problem with the predictions based on HHC. In
particular, the quark OAM, or the quark transverse motion, might not be negligible
even in the high-� region. To relate these results to the physical picture of the
nucleon structure, we use the cartoon on the right panel of Fig. 4: assuming a
proton is spinning in a particular direction as shown by the thick (yellow) arrow,
when the valence � quark is hit by the virtual photon, it is seen as spinning in
the same direction as the proton spin and having a small OAM (the thin arrowed

�The JLab results presented here have been revised, please see Ref.� for the new values. The results
for ����������� � ��� changed by about �� towards the negative side.
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Figure 4. Left panel: results on ��	 ���	���	 � �	� and ��� � ������� � ��� from experiment
E99117. The short-dashed curves are the pQCD HHC-based predictions that ��
���
���
 � �
� � �
at �� �. Right panel: a cartoon for the proton spin structure revealed by these results.

ellipse); but when the valence � quark is hit by the virtual photon, it is found
spinning in the opposite direction as the proton spin, but since it possesses a large
OAM, the sum of its spin and OAM still gives the proton’s overall spin. Obviously,
the � quark behaves very differently from � quarks inside the proton. This brings
a theoretical challenge as the quark OAM and its flavor-dependence has almost
never been taken into account properly in all previous large � calculations.

3. E97103 and Preliminary Results on ��
�

at low��

During experiment E97103 �� at JLab Hall A, we measured the polarized struc-
ture function ��

�
at five �� points down to �� � ��� (GeV/c)�. Details of all

kinematics are given in Table 2.

Table 2. E97103 kinematics.

����(GeV/c)� 0.58 0.80 0.96 1.14 1.36
��� 0.17 0.18 0.20 0.20 0.21

�� ��(GeV)� 3.82 4.43 4.83 5.57 6.02
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The E97103 experiment shared the same instrumentation as the ��
� experi-

ment. The main experimental differences between the two were the spectrometer
settings, and that more beam time was spent on the transverse target configuration
than the longitudinal setting during E97103, while the opposite was true for the
��
� measurement. The procedure for data analysis and nuclear corrections of the

two experiments is also similar. Details of this experiment and its data analysis
can be found in Ref.��.

Preliminary results for ��
�

as well as ��
�

from E97103 are given in Fig. 5. The
light shaded area in the two plots gives the leading-twist contribution to these two
quantities, respectively, obtained by fitting to world data and evolving to the � �

values of this experiment. The systematic errors are shown as dark shaded area at
the horizontal axises. While the new ��

�
data agree with the leading-twist calcula-

tions, a deviation between the new ��
�

data and its leading-twist contribution can
be clearly seen at the three lower �� points, indicating the possible rising of the
higher-twist contribution.
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Figure 5. Preliminary results for ��
�

(left) and ��
�

(right) from E97103. See text for the meaning of
error bands and discussions.

4. Conclusion

We described here recent progress on the neutron spin structure study at Jefferson
Lab Hall A. Two experiments and their (preliminary) results were presented. Re-
sults for the neutron spin asymmetry ��

�
at � � �� have a precision about one

order of magnitude better than previous world data and the new datum at � � ���

is significantly positive, consistent with the prediction from relativistic constituent
quark models and various other calculations. These results will serve as crucial
inputs to the QCD analysis of parton distribution functions. Results on the flavor
decomposition of the nucleon spin ��	 � ��	���	 � �	� indicate that the quark
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orbital angular momentum might play an important role in forming the nucleon
spin at large-�, and that the hadron helicity conservation may not hold in the kine-
matics region explored by this experiment. Preliminary results on the transverse
spin structure function of the neutron ��� at �� � � (GeV/c)� have a precision one
order of magnitude better than previous world data. The new results at the three
lower �� points below � (GeV/c)� show a hint of the rising of the higher-twist
contribution at low ��.
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